A therosclerosis develops initially at predilection sites in the arterial system. These sites are often associated with geometries, such as arches, branches, and bifurcations, which expose the endothelium to disturbed laminar blood flow with low-and oscillatory wall shear stress, 1 and the full thickness of the arterial wall to increased strain as a result of circumferential stretching produced by the pulsatile blood flow. 2 Numerous observational studies have reported a comparable topographical distribution between atherogenesis and various types of disturbed laminar flow (recently reviewed by Peiffer et al 1 ). Importantly, hypercholesterolemic mouse models of atherosclerosis have substantiated these observations by demonstrating a causal relationship as lesions can be initiated in the otherwise atherosclerosisresistant common carotid artery (CCA) when disturbing the laminar blood flow by mild perivascular constriction. 3, 4 Today, it is widely accepted that disturbed laminar flow contributes to the nonuniform distribution of lesions throughout the vasculature. 1 Several biomechanical mechanisms have been proposed for the connection between disturbed laminar flow and local atherosclerosis susceptibility, but none has been demonstrated. Because shear stress at the arterial wall is the frictional force between blood and the endothelium, most hypotheses have focused on various alterations of endothelial cells. Endothelial cells exposed to disturbed laminar flow in culture increase their synthesis of growth factors, 5 adhesion molecules, [6] [7] [8] and reactive oxygen species. 9, 10 Furthermore, in vivo and in vitro studies have demonstrated that unidirectional alignment is perturbed, cellular morphology changed, and apoptosis rate increased when endothelial cells are exposed to disturbed laminar flow. 11, 12 These observations, in addition to studies based on infusion of permeability tracers (iodinated low-density lipoprotein [LDL] or Evan's Blue Dye) into arteries in and ex vivo, 13, 14 have led to the common theory that leakiness of the endothelium, ie, increased lipoprotein permeability, or monocyte recruitment accounts for the increased atherosclerosis susceptibility at sites exposed to disturbed laminar flow. 15, 16 Other sets of data, however, speak to the importance of lipoprotein retention in initiating lesion development. In vitro binding studies have established proteoglycans as the main lipoprotein-binding component of the vessel wall because negatively charged sulfated glycosaminoglycan moietiesespecially chondroitin sulfate glycosaminoglycans 17 -bind electrostatically to positively charged residue stretches of apolipoprotein B100 (apoB100) and apoB48. [18] [19] [20] [21] The responseto-retention theory states that the binding of atherogenic lipoproteins to these constituents in the intimal layer of the artery wall is the key initiating event in lesion development, and that other atherogenic processes are a consequence thereof. 22 It also predicts that altered shear stress affects atherosclerosis by regulating the ability of the intimal matrix to bind lipoproteins, 22 but this chain of causation has yet to be directly demonstrated.
In the present study, we show that such a causal link exists in mice. Using experimental manipulation of blood flow in carotid arteries, we find that disturbed laminar flow directly augments the ability of the artery wall to retain lipoproteins.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

LDL Is Retained at Atherosclerosis Predilection Sites
To study physiological retention of LDL in vivo, Atto 680-labeled human LDL was infused into chow-fed, normocholesterolemic C57BL/6 mice, which were perfusion-fixated 18 hours later. At this time point, infused human LDL was completely cleared from the circulation ( Figure 1A) , and any LDL detected in the artery wall was interpreted as immobilized, ie, retained. Thoracic aortas were isolated, opened longitudinally, and scanned using infrared imaging. LDL was retained along the inner curvature of the aortic arch and at branch points ( Figure 1B) , sites known to be susceptible to atherosclerosis in both mice and humans.
To determine the exact location of retained LDL within the artery wall, the same experiment was performed with Atto 565-labeled human LDL, and longitudinal cryosections of the aortic arch were analyzed by fluorescence microscopy. In the inner curvature of the aortic arch, LDL was located mainly in the medial layer between elastic lamellae among vascular smooth muscle cells (VSMCs) and in the intimal layer (Figure 1C) . No LDL was detected in the outer curvature ( Figure 1D ), consistent with the observations when using Atto 680-labeled LDL.
Introduction of Disturbed Laminar Blood Flow in the Straight Segment of Murine Carotid Arteries Vastly Augments LDL Retention
The artery wall forming the inner curvature of the aortic arch and branch sites is exposed to disturbed laminar flow, and we thus speculated whether the disturbed laminar flow was sufficient to transform vascular sites into LDL-retaining regions.
To test this hypothesis, we manipulated blood flow in the right CCA using the perivascular collar technique described by von der Thüsen et al. 3 Under normal conditions, the straight segment of the CCA is exposed to uniform laminar flow and is resistant to atherosclerosis. However, implanting a mildly constrictive perivascular collar has been shown to evoke disturbed laminar flow in the segment proximal to the collar characterized by low wall shear stress and cyclic circumferential stretching because of periodic increases in transmural pressure. 3 These characteristics are comparable with those of natural predilection sites such as the inner curvature of the aortic arch 1,2 and cause rapid plaque development in the presence of hypercholesterolemia. 3 To validate our adaption of this technique, we first reproduced the results of von der Thüsen et al 3 in Apolipoprotein E (Apoe)-deficient mice. After 6 weeks on a Western-type diet, severe atherosclerosis had developed proximal to constrictive collars, whereas lesion development was negligible proximal to nonconstrictive collars (Figure 2A-2C) .
We then applied constrictive and nonconstrictive collars to normocholesterolemic C57BL/6 mice. After a period of 2 weeks, both groups were infused with Atto 680-labeled LDL and perfusion-fixated 18 hours later. Scans of intact CCAs showed that infused LDL was retained proximal to constrictive collars, but not proximal to nonconstrictive collars ( Figure 3A and 3B). We conclude that disturbed laminar flow is a sufficient cause for the generation of lipoprotein-retaining vascular sites in normal mice.
LDL and Not Albumin or ApoA1 Contaminants Provide the Fluorescence-Retention Signal
The purity of Atto 565 NHS ester-labeled LDL was assessed by gel filtration chromatography, and trace contamination of albumin (<1%) was detected (data not shown). To exclude that the assayed fluorescence signal was caused by albumin or other potential contaminants in the LDL preparations, which would also be conjugated with the fluorochrome, we selectively removed LDL after Atto 565 NHS ester conjugation with beads cross-linked to rabbit antihuman apoB IgG or, as a negative control, beads cross-linked to IgG from nonimmunized rabbits. Immunoprecipitation with anti-apoB antibodies resulted in efficient and selective removal of apoB100 from the sample, while preserving the contaminants albumin and apoA1 ( Figure 4A ). Preparations were then infused into mice 2 weeks after collar insertion and the mice were fixated 18 hours post infusion as in previous experiments. Although the preparation incubated with control beads resulted in strong Atto 565 fluorescence from the CCA segment exposed to disturbed laminar flow, removal of LDL from the preparation fully abolished this, thereby validating that the signal used for quantification represents LDL and not contaminants ( Figure 4B ).
Disturbed Laminar Flow Increases Binding of LDL in the CCA
Accumulation of infused LDL at sites exposed to disturbed laminar flow could be caused either by an increase in lipoprotein influx (increase in endothelial permeability or blood flowfacilitated delivery of LDL into the artery wall) or a decrease in lipoprotein efflux caused by an increase in the ability of the artery wall to bind and retain LDL. To address this question, mice with constrictive or nonconstrictive collars implanted for 2 weeks were perfusion-fixated 1 hour after infusion of Atto 565-labeled LDL. At this time point, infused LDL is still present in the circulation ( Figure 1A ). LDL detected in the arteries of these mice thus represents both mobile and immobile LDL and assays a combination of influx and initial binding. For comparison, the same experiment was set up with mice perfusion-fixated 18 hours post LDL infusion, thereby assaying retention as in previous experiments ( Figure 5A ). Serial cross sections from the 500-μm segment proximal to the collar were systematically sampled and analyzed to quantify the amount of LDL as shown in Figure 5B to 5G. Interestingly, there was no detectable difference between the amount of LDL proximal to constrictive and nonconstrictive collars 1 hour after LDL infusion. In contrast, 18 hours after infusion, LDL was retained proximal to constrictive collars, but not to nonconstrictive collars (thereby replicating the results shown in Figure 3 with an alternative quantification technique; Figure 5H-5N) . As for the inner curvature of the aortic arch ( Figure 1C) , LDL was located both in the medial and in the intimal layers (Figure 5D and 5L).
In conclusion, flow-induced retention in the CCA was not mediated through an increased influx by either increased endothelial permeability or flow-mediated transfer without vascular changes, but by changes in the ability of the vascular wall to retain LDL ( Figure 5O ).
Disturbed Laminar Flow Regulates Predefined Gene Sets Associated With Lipoprotein Retention
As LDL was located among VSMCs in the medial layer of the artery wall, we speculated that the disturbed laminar flow might have affected VSMC phenotype modulation with possible increased synthesis of LDL-binding proteoglycans. To elucidate this, RNA was isolated from the 1-mm CCA segment proximal to either a constrictive collar (n=10) or nonconstrictive collar (n=8). Samples were pooled in pairs, and transcription levels were assessed on Affymetrix microarray chips.
To test for VSMC phenotypic modulation, we predefined gene sets with markers of the constrictive and the synthetic phenotypes. 23 Also, to test for changes in the expression of proteoglycan core proteins, we predefined a gene set of proteoglycan core proteins, which have been associated with LDL retention. [24] [25] [26] [27] Furthermore, we predefined a gene set of enzymes responsible for the synthesis of the glycosaminoglycan tetrasaccharide linker, chondroitin sulfate glycosaminoglycan and sulfation of chondroitin sulfate glycosaminoglycans. 28 An over-representation analysis was performed using the GO-Elite software, and all 4 predefined gene sets were significantly over-represented in the analysis (Table) . For validation of the over-representation analysis, we analyzed a selection of the genes by quantitative reverse-transcriptase polymerase chain reaction ( Figure 6 ). Biglycan (Bgn) was the only gene tested for which differential expression could not be validated by quantitative reverse-transcriptase polymerase chain reaction (data not shown). Although Proteoglycan 4 (Prg4) has not been associated with lipoprotein retention, this proteoglycan core protein was the most affected in the microarray data set and was therefore included in the quantitative reverse-transcriptase polymerase chain reaction analysis.
LDL Retention in the CCA Depends on the Time Exposed to Disturbed Laminar Flow
The gene expression data suggested that the induced lipoprotein retention was caused by structural changes in the arterial extracellular matrix. In that case, one would expect that lipoprotein retention would increase in magnitude with the time exposed to disturbed laminar flow. We therefore infused Atto 565-labeled LDL into mice implanted with constrictive collars either 5 hours or 2 weeks in advance ( Figure 7A ). Interestingly, artery segments exposed to disturbed laminar flow for 5 hours before LDL infusion retained only one third the amount of LDL compared with artery segments exposed to disturbed laminar flow for 2 weeks ( Figure 7B ). This result implies that although disturbed laminar flow induces some retention within the first day, this develops substantially over the course of weeks.
Retention of High-Density Lipoprotein at Natural and Artificially Induced Predilection Sites
Previous literature indicates that high-density lipoprotein (HDL) also interacts with arterial matrix. [29] [30] [31] To test for HDL retention in our systems, we repeated the experiments using Atto 680-labeled human HDL. At the 18-hour time point, circulating infused HDL was negligible ( Figure 8A ). As for LDL, HDL was retained both at the natural predilection sites of the aortic arch ( Figure 8B ) and proximal to the constrictive collar ( Figure 8C and 8D) . We conclude that lipoprotein retention induced by disturbed laminar flow is not specific for LDL.
Discussion
In the present study, we find that induction of disturbed laminar flow in the straight segment of the CCA transforms the nearby arterial wall into a lipoprotein-retaining site. This provides experimental evidence for the first step in a causal chain linking flow patterns to atherosclerosis through regulation of lipoprotein retention.
Importantly, the association between disturbed laminar flow and lipoprotein retention observed at natural predilection sites in several previous studies does not necessarily imply causation. Another possibility is that the arterial wall in inner curvatures and near branch points by way of their embryological development attains a different matrix composition when compared with other sites. To demonstrate the causal link between blood flow and lipoprotein retention, we induced disturbed laminar flow experimentally in the CCA using a method that has been previously central in determining the link between flow and atherosclerosis development. 4 We show that disturbed laminar flow in normocholesterolemic mice induces binding of lipoproteins in the arterial media and intima, and that this is associated with relevant gene expression changes, indicating local phenotypic modulation of VSMCs, increased expression of mRNAs for lipoprotein-binding proteoglycan core proteins, and enzymes responsible for chondroitin sulfate glycosaminoglycan synthesis and sulfation.
Our experiments were based on the fluorescent lipoprotein tracking technique that has been used previously to track lipoproteins into early atherosclerotic lesions in mice. 32 By modifying this method with a near-infrared probe, whole tissue scans, and by applying it in normocholesterolemic mice, we showed that physiological retention in the thoracic aorta corresponds to the pattern of lesion development in mice models of atherosclerosis and humans. This finding is consistent with previous studies by Schwenke and Carew 33 in rabbits using radioactive LDL-labeling techniques, and confirms that the ability of atherosclerosis-susceptible sites to bind high amounts of lipoproteins is a physiological characteristic that precedes the development of atherosclerosis. Furthermore, the result of this initial experiment served to validate the use of Atto 565-and Atto 680 NHS ester-labeled LDL in subsequent experiments because it was retained as anticipated from other model systems.
In humans, eccentric intimal thickening is consistently found at atherosclerosis predilection sites. 34 Eccentric intimal thickening develops during early life 35 and is thought to be a physiological adaptation of the artery wall to local flow dynamics, presumably involving the proliferation and extracellular matrix synthesis of VSMCs located in the basal Xylt2, B4galt7, B3gat3, Csgalnact2, Chsy2, Chsy3, Dse, Ust
All Z scores were accompanied by permutation P<0.05. CS indicates chondroitin sulfate; DS, dermatan sulfate; GS, glycosaminoglycan; and VSMC, vascular smooth muscle cell. intimal layer. 34 The flow-mediated changes observed in the present study in mice support this idea although major structural changes, including intimal thickening, were not seen.
In early mouse atherosclerosis, fluorescently labeled LDL is mainly found among foam cells in the intima, 32 but we found that the arterial media is a primary location of retained LDL in the normal mouse, both at natural predilection sites and after flow manipulation. Retained lipoproteins in the medial layer have also been reported earlier in nonlesioned arteries of rabbits using radioactive tracing techniques. 33, 36 Interestingly, the basal intimal layer is the principal site of lipid deposition before macrophage invasion in humans. 37 One may speculate that in murine arteries, which lack an intimal VSMC population, medial VSMCs could mirror the role of human basal intimal VSMCs inasmuch as both cell-populations may be phenotypically modulated under the influence of blood flow and produce proteoglycans that enhance lipoprotein retention. It is conceivable that the medially retained LDL plays a part in the initiation of the disease. VSMCs treated with modified LDL secrete various proinflammatory cytokines and chemoattractants, eg, MCP-1 (monocyte chemoattractant protein-1). 38, 39 Medial VSMCs in contact with retained LDL may thus function to attract the first inflammatory cells, and as the disease progresses, the intimal layer is expanded because of invasion of cells and matrix production. Once the intimal matrix is established, infused LDL will be trapped there before reaching the medial layer. 32, 39 Lipoprotein retention at sites exposed to disturbed laminar flow is not specific for LDL, as we show that HDL is retained at these sites as well. This is consistent with the unspecific nature of proteoglycan interactions, which has also been described for HDL 40 and complies with several previous studies showing that not only LDL but also several types of macromolecules, including model antigens and immune complexes, localize preferentially to natural predilection sites for atherosclerosis. 41 It is tempting to speculate that these specialized areas of the vasculature, induced by disturbed laminar flow, serve physiological roles in vascular homeostasis or host defense in the normal body. It also illustrates that the special role of LDL in inducing atherosclerosis is not explained by its preferential localization to the vascular wall, but by what occurs after LDL is retained.
The consequence of HDL retention is not yet clear. 42 The most widely accepted role of HDL is in promoting cholesterol efflux from foam cells, 42 but previous studies have indicated that HDL could also be atheroprotective by outcompeting LDL retention 30, 31 or by blocking enzymatic modification of LDL. 43 However, HDL retention might also be unimportant for atherogenesis, as indicated by several Mendelian randomization studies of gene variants affecting HDL levels. Further experiments are needed to clarify the upstream mechanisms relaying the mechanical force of blood into changes in lipoprotein binding of the arterial wall, as well as the relative importance of shear stress versus stretch in this process. Lowered wall shear stress has profound effects on endothelial cell phenotype, and it is conceivable that these may in turn influence local VSMCs to modulate and secrete lipoprotein-binding matrix through either direct contact 45, 46 or paracrine mediators. 5, 47 However, it is also possible that increased circumferential cyclic stretching of the artery wall, which is induced proximal to the constrictive collar and found at natural atherosclerosis-susceptible sites, 2 directly affects phenotypic characteristics of VSMCs. 48 The model of experimentally induced flow changes used in the present study may be a good model system to address these questions. Importantly, these mechanisms may be involved in not only creating the initial atherosclerosis-prone site but also subsequent growth of atherosclerotic lesions. Progression of atherosclerosis involves areas that were initially resistant to lipoprotein retention and atherosclerosis, and it is possible that local flow disturbances caused by plaque formation and leading to increased lipoprotein retainability in the neighboring regions could be among the driving mechanisms. 49 In conclusion, our data show that disturbed laminar blood flow augments the ability of the arterial wall to bind LDL in mice. This provides experimental evidence for the first step in the causal chain linking disturbed laminar blood flow to initiation of atherosclerosis through increased lipoprotein retention as predicted by the response-to-retention theory. 22 
